Abstract Plant mitogen-activated protein kinase (MA-PK) cascades are involved in extracellular stress signalling pathways, leading to different cellular responses. Stress-induced microspore embryogenesis involves the internalization of an extracellular stress signal, generating a number of cellular responses where MAPK cascades might be involved. These responses include a change of the developmental programme, the entry into an early proliferative stage and, subsequently, into differentiation stages during haploid embryogenesis. In this work we studied the expression during microspore embryogenesis of several kinases, to assess their putative role in these events. The known Brassica napus MAP kinase kinase kinases (MAP3Ks BnMAP3Ka1, BnMAP3Kb1 and BnMAP3Ke, the BnBSKh kinase and B: napus extracellular signal-regulated kinase (ERK) homologues were analysed by electron microscope (EM) in situ hybridization, immuno-gold labelling, immunofluorescence and western blotting. The differential in situ expression of these kinases suggests a role for them during embryogenesis. Two different expression patterns were observed, indicating a different regulation. BnMAP3Ka1, BnMAP3Ke, and the ERKs showed a pattern consistent with a role mainly in proliferative events. Conversely, BnMAP3Kb1 and BnBSKh, presented a pattern that suggested an involvement in differentiation stages. In addition, ERK homologues migrate to the nucleus immediately after induction, being found in a phosphorylated state in a larger amount.
Introduction
The mitogen-activated protein kinase (MAPK) cascades are pathways through which eukaryotes internalize extracellular signals (Hirt 1997; Morris 2001) . They consist of modules of three kinases (Wrzaczek and Hirt 2001) , so that when the first is activated by reversible phosphorylation, it activates the next one in the cascade (Stone and Walker 1995) , thus delivering the signal to the cytoplasmic or nuclear targets. MAPK pathways are possibly better known in mammals and yeasts, but in the past years many studies have focused on plant MAPKs, involving them in several signal transduction processes such as stress response, development, proliferation and differentiation (Mizoguchi et al. 1994; Wilson et al. 1997; Bogre et al. 1999; Pre´stamo et al. 1999; Hardin and Wolniak 2001; Heberle-Bors et al. 2001; Jouannic et al. 2001; Ligterink and Hirt 2001; Morris 2001; Zwerger and Hirt 2001; Coronado et al. 2002) . Interestingly, these processes take place sequentially during the induction of microspore embryogenesis and include the internalization of a heat stress signal, a response by changing the developmental programme towards embryogenesis (Pechan and Keller 1988) , a proliferative stage just after induction, and cell and tissue differentiation stages once the embryos reached the globular stage (West and Harada 1993) . Hence, stress-induced microspore embryogenesis is an interesting experimental system to assess the role of MAPK cascades in stressrelated signalling pathways. In addition, it can be a useful system to study their role in embryogenesis, since haploid embryogenesis resembles zygotic embryogenesis (Reynolds 1997; Testillano et al. 2002; Bueno et al. 2003) and provides the additional advantages of easy embryo generation and isolation at different developmental stages, avoiding the interference of the sporophytic tissues.
Several kinases, belonging to the MAP kinase kinase kinases (MAP3Ks; Jouannic et al. 1999a) , have recently been characterized in Brassica napus and named BnMAP3Ka1, BnMAP3Kb1, and BnMAP3K (Jouannic et al. 1999b) . BnMAP3K is involved in cell division, as well as in the entry into the cell cycle (Jouannic et al. 2001) . However, little is known about the other kinases. They were described in haploid globular embryos, and their presence has not been documented in any other stage. By means of semi-quantitative electron microscope (EM) in situ hybridization, the in situ expression and distribution of BnMAP3Ka1 and BnMAP3Kb1 are analysed in this work. To determine a potential involvement in proliferation and/or differentiation during embryo development, we compared MAPK mRNA in situ expression and distribution, as a reference, with those corresponding to two previously characterized B:napus protein kinases involved in proliferation and differentiation processes, respectively: BnMAP3K, involved in cell division, and BnBSKh, a GSK3/Shaggylike kinase involved in cell fate determination during pollen maturation (Tichtinsky et al. 1998 ) and suspected to have a role in differentiation during embryogenesis.
At the opposite side of a MAPK cascade, the MAPKs act as the last element in their respective MAPK module (Ligterink and Hirt 2001) . In plants they all exhibit the highest homology with the mammalian extracellular signal-regulated kinases (ERKs) subfamily (Ligterink and Hirt 2001) . Hence, some authors defined them as plant ERKs (Stone and Walker 1995; Ligterink and Hirt 2001; Wrzaczek and Hirt 2001) . In mammals, ERKs are involved in a number of signalling events, including both cell proliferation and differentiation (Marshall 1995) . In plants, very little is known about them (Zwerger and Hirt 2001; Coronado et al. 2002) , and nothing is known about their B. napus counterparts. In this work we characterized the presence and distribution of ERK proteins, including phosphorylated (activated) ones, by immunofluorescence and semiquantitative immunocytochemistry.
Microspore embryogenic cultures are actually composed of induced, embryogenic microspores, and a significant number of microspores are also exposed to the treatment but are not responsive to it. So far, it has been impossible to physically separate these two populations. Therefore, the use of cellular approaches capable of in situ identification of different cell types becomes a very useful tool. In this work, the study of the differential expression and distribution of specific MAPK mRNAs and proteins has been accomplished by coupling the use of cryomethods, for a good compromise between ultrastructure and antigenicity preservation (Testillano et al. 2000; Seguı´-Simarro et al. 2003) , with in situ molecular localization techniques. The results presented in this paper suggest new roles for all of the MAPKs in different proliferation/differentiation stages during haploid embryogenesis.
Materials and methods

Plant material
Brassica napus L. C.v. Topas donor plants were grown as previously described . Microspore culture, embryogenesis induction (16 h at 32.5°C), and sampling at specific culture stages for western blotting, in situ hybridization, immunofluorescence and immuno-gold labelling were performed according to (Jouannic et al. 2001 ).
Antibodies
The antibodies used were anti-ERK1/2 polyclonal antibody, recognizing the p44/42 MAPKs (ERK1/ERK2), and anti-phospho-ERK1/2 polyclonal antibody, specific for the activated (phosphorylated) form of the p44/42 MAPKs, when catalytically activated by phosphorylation at the Thr-x-Tyr (TXY) motif, specific for MAPKs. Both antibodies were purchased from Cell Signaling Technology, Beverly, Mass., USA.
Protein extraction, SDS-PAGE, and western blotting Total proteins were extracted from induced microspore cultures and separated on 12% SDS-polyacrylamide gels as described . Proteins were then transferred to a nitrocellulose membrane, blocked in blocking solution (2% fat-free milk + 0.05% Tween 20 in TBS) overnight at 4°C and incubated for 2 h with anti-ERK1/2 or anti-phosphoERK1/2 diluted 1:200 in blocking solution. After three washes (10 min each) in washing solution (0.2% fat-free milk + 0.5% Tween 20 in TBS), membranes were incubated for 2 h with anti-rabbit IgG conjugated with alkaline phosphatase, diluted 1:1000. After three more washes the proteins were visualized by reaction with NBT/BCIP substrate. Control experiments, avoiding either primary or secondary antibodies, were also performed.
Cryoprocessing of samples, cryomicrotomy, and immunofluorescence Microspore and haploid embryo cultures were cryoprocessed for cryomicrotomy and cryosectioned as previously described . Semi-thin (1 lm) cryosections were obtained and placed on multiwell glass slides. Immunofluorescence was also performed essentially as described , with primary antibodies (anti-ERK1/2 and antiphosphoERK1/2) undiluted and incubated for 1 h at 37°C, and secondary antibodies (anti-rabbit IgG-Cy3) diluted 1:25 in 5% BSA in PBS, and incubated for 45 min.
Cryoprocessing for immuno-electron microscopy and in situ hybridization Microspores and haploid embryos at different stages were prefixed in formaldehyde, cryoprotected in 2.3 M sucrose, cryofixed in liquid nitrogen, and cryoprocessed as described . Samples were freeze substituted in methanol + 0.5% uranyl acetate at À80°C for 3 days, infiltrated in Lowicryl K4M, and polymerized at À30°C under u.v. irradiation in a Leica AFS system. Ultra-thin (80 nm) sections were placed on nickel grids.
RNA probe synthesis for in situ hybridization
All the RNA probes used in this work were synthesized as previously described (Jouannic et al. 2001) . Briefly, BnMAP3Ka1, BnMAP3Kb1, BnMAP3K, and BnBSKh cDNA fragments (Jouannic et al. 1999b (Jouannic et al. , 2001 were inserted into pGEM-3Zf (+) (Promega, Madison, Wis., USA), in the XbaI-HindIII sites. Constructs were linearized with XbaI, and antisense RNA probes were synthesized with SP6 RNA polymerase by in vitro transcription with digoxygenin-UTP according to the manufacturer's specifications (Boehringer Mannheim, Germany). For the sense probes the constructs were linearized with HindIII, and the corresponding probes were synthesized using T7 RNA polymerase.
In situ hybridization RNA/RNA in situ hybridization was performed on Lowicryl ultra-thin sections using digoxygenin-labelled RNA probes. The sections were pretreated for 1 h with 1 lg/ml proteinase K in 0.1 M Tris-HCl buffer + 50 mM EDTA, pH 7.5. The grids were incubated with hybridization solution at 50°C, overnight. The hybridization solution consisted of a dilution of each probe (1/50, 1/20, 1/100, and 1/10 for BnMAP3Ka1, BnMAP3Kb1, BnMAP3K, and BnBSKh, respectively) in the hybridization buffer (50% formamide, 10% dextran sulphate, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 300 mM NaCl, and 200 lg/ml yeast tRNA). The grids were then washed in 4·SSC and 2·SSC (1·SSC: 150 mM sodium chloride, 15 mM sodium citrate, and pH 7.2), four times each, and incubated at 50°C in 1·SSC, twice, 1 h each. After a PBS wash and incubation with 1% BSAc in PBS, direct immuno-gold labelling was performed using anti-digoxygenin-gold (10 nm) antibodies (BioCell, Cardiff, UK) diluted in PBS + 0.1% BSAc for 45 min. The grids were finally washed, air-dried, counterstained, and observed in a JEOL 1010 EM at 80 kV. Two different controls were performed excluding the antisense probe and substituting it for the sense one at the same concentration in the hybridization solution.
Immuno-gold labelling
The grids were sequentially floated in PBS, 5% BSA in PBS, and the antibodies undiluted, for 3 h at 37°C. After several washes in 1% BSA in PBS, the grids were incubated with a secondary antibody (anti-rabbit IgG-gold, 10 nm; Biocell) diluted 1:25 in 1% BSA, for 45 min at room temperature, washed, air dried, counterstained, and observed in a JEOL 1010 EM at 80 kV. Controls were performed excluding the primary antibody.
Quantitative analysis of immuno-gold labelling density for in situ hybridization and immunocytochemistry Sampling was carried out over selected samples on each grid. The number of micrographs to be taken was determined by the progressive mean test, with a maximum confidence limit of a=0.05. The labelling density was defined as the number of gold particles per area unit (square micrometres). Particles were hand-counted over the cellular compartments under study (cytoplasm and nucleus) and, as an internal control for the estimation of background, over cell walls, exine coats, vacuoles and starch deposits. Background noise never exceeded 5% of the quantified signal. The area in square micrometres was measured with a square lattice composed of 11·16 squares of 15·15 mm each. For each stage, the labelling density was expressed as the mean labelling density (MLD) ± SD. Stages were compared by Student's t-test, with a £ 0.05.
Results
To analyse in situ the expression of MAPKs, EM in situ hybridization (ISH), immunofluorescence, and EM immunocytochemistry were performed on microsporederived cultures and embryos at different stages, i.e. freshly isolated microspores, microspores after induction, early globular embryos, late globular, heartshaped, and torpedo embryos.
EM in situ hybridization and quantitative analysis
ISH results revealed the presence of BnMAP3K transcripts throughout the process of microspore embryogenesis. In all cases the hybridization signal was observed almost exclusively on the cytosol (Figs. 1 and 2), and the nucleus showed very scarce labelling only in the interchromatin region and probably corresponding to some immature transcripts on their way to the cytoplasm. No labelling was observed on organelles such as mitochondria, plastids, Golgi apparatus, vacuoles, starch deposits, and cell walls. Gold particles over cytosolic areas frequently appeared as linear arrays of 3-5 particles (arrows in Figs. 1 and 2 ), corresponding to individual RNA probe molecules bound to various goldlabelled antibodies. For all the kinases studied the ISH signal observed in induced microspores was lower than in freshly isolated microspores. The ISH signal increased in the following stages, as the culture recovered from the heat shock, in a different way for each kinase. Figures 1  and 2 show examples of the different labelling, before the induction, in freshly isolated microspores (Fig. 1a for BnMAP3Ka1 and Fig. 2a for BnMAP3Kb1) and at the highest stage after the induction (Fig. 1b for BnMAP3-Ka1 and Fig. 2b for BnMAP3Kb1). These variations were analysed in more detail for each individual kinase by means of the quantitative analysis described below. Controls performed using the digoxygenin-labelled sense RNA probe (Figs. 1c and 2c ) or excluding the antisense probe (data not shown) did not provide significant labelling in any cellular compartment for all the cell types and stages.
Quantitative analysis of ISH labelling was performed to obtain the cytoplasmic and nuclear MLDs throughout all the stages studied (Fig. 3) . All the kinases studied showed a MLD in microspores after induction that was significantly lower than in freshly isolated microspores. After the inductive treatment the induced microspores and those non-induced but present in the same culture were considered separately. When compared, significant differences (a=0.05) appeared for BnMAP3Ka1and BnMAP3Kb1, with higher MLDs in induced microspores than in non-induced ones (insets in Fig. 3a and b,  respectively) . This suggested an involvement of BnMAP3Kb 1 and BnMAP3Kb1 in the process of embryogenesis induction. No differences (a=0.05) appeared in the BnMAP3K and BnBSKh experiments for the same stages (data not shown). At later stages, increases and decreases were found that were specific for each individual kinase. However, no differences were found when the MLDs of heart-shaped and torpedo embryo cells were compared. Therefore, in order to facilitate data presentation, we presented these stages grouped into one in Fig. 3 .
BnMAP3Ka1
For BnMAP3Ka1 (Fig. 3a) , after induction, cytoplasmic MLD increased rapidly, with the maximum in early globular embryos, 3.5-times higher than in induced microspores. However, in late globular embryos and beyond, the MLD decreased, reaching the initial level presented in freshly isolated microspores.
BnMAP3Kb1 For BnMAP3Kb1 (Fig. 3b ) the initial MLD found in freshly isolated microspores was the highest. After a decrease in induced microspores and early globular embryos, the MLD increased 5.5-fold in late globular embryos and threefold in heart-shaped/ torpedo embryo cells.
BnMAP3K
After the short decrease just following induction, BnMAP3K (Fig. 3c) showed an $twofold increase in early and late globular embryos. At later stages the MLDs dropped to levels five-times lower than the maximum.
BnBSKh For BnBSKh (Fig. 3d ) a small but significant decrease in MLD was found in induced microspores and early globular embryos. In late globular and heartshaped/torpedo embryos, however, it rose to a 2.4-times higher level.
Western blotting with anti-ERK1/2 and anti-phospho-ERK1/2 antibodies The presence of ERK1/2 homologues in Brassica napus and the specificity of the antibodies used was demonstrated by western blotting assays on total protein extracts from heat-treated cultures. Anti-ERK1/2 showed a single, broad band at an approximate molecular weight (MW) of 42-44 kDa (Fig. 4) . The anti-phosphoERK1/2 antibody revealed two better-defined bands at approximately 42 kDa and 44 kDa, respectively. No signals were found on control experiments excluding primary or secondary antibodies (data not shown).
Immunofluorescence for total and phosphorylated ERK proteins
Immunofluorescence experiments with anti-ERK1/2 antibody detected a mostly diffuse signal, preferentially in the cytoplasm, in freshly isolated microspores (Fig. 5a¢) . In heat-treated cultures the induced microspores, some non-induced microspores (Fig. 5b, b¢) and the early globular embryos (Fig. 5c, c¢) showed a higher nuclear (nucleoplasmic, not nucleolar) intensity. Late globular (Fig. 5d, d¢) , heart-shaped (data not shown) and torpedo (Fig. 5e, e¢) embryos exhibited a similarly diffuse signal, but lower than previous stages. Nuclear and cytoplasmic intensity was indistinguishable at the level of resolution of the immunofluorescence. Controls excluding the first antibody were routinely performed and showed no fluorescent signal at any cellular structure (Fig. 5f, f¢) . Exine in microspores (Fig. 5a , a¢, l, l¢) and young embryos (Fig. 5c, c¢) , is known to exhibit a strong level of autofluorescence.
Immunofluorescence with anti-phosphoERK1/2 antibodies ( Fig. 5g¢-l¢) showed no visible differences in cytoplasmic or nuclear intensity between freshly isolated (Fig. 5g, g¢) and induced (Fig. 5h, h¢) microspores. In cells of early globular embryos (Fig. 5i, i¢) , nuclear labelling seemed greater than cytoplasmic labelling. Late globular (Fig. 5j, j¢) and torpedo (Fig. 5k, k¢) embryos showed a similar level of cytoplasmic and nuclear signal, lower than in previous stages. Controls omitting the first antibody showed no signal except for the non-specific autofluorescence of the exine (Fig. 5l, l¢) . The apparently increased nuclear detection of both ERKs and phosphoERKs after induction suggested a nuclear translocation upon induction and was further analysed at the ultrastructural level by EM immunogold labelling and quantitation. Anti-ERK1/2 (Fig. 6c,d ) and anti-phosphoERK1/2 (Fig. 6e,f) antibodies labelled both the nucleus and cytoplasm and displayed a similar pattern of ultrastructural distribution. Nuclear labelling was restricted to the interchromatin region, being absent in masses of condensed chromatin, nucleolus, nuclear envelope and other nuclear structures. In the interchromatin region of the nucleus gold particles appeared mainly on fibrils and fibrillo-granular structures, perichromatin granules being free of labelling ( Fig. 6g) . Cytoplasmic gold particles appeared mainly dispersed, sometimes forming groups of 4-5 particles, with no association over any identifiable structure. Cytoplasmic organelles were devoid of labelling. Controls excluding the primary antibodies showed no labelling at any stage (data not shown).
Quantitative analysis of cytoplasmic and nuclear immuno-gold labelling statistically assessed the previous observations, and further processing of the numerical data yielded some new findings.
For total ERK proteins (Fig. 7a ) the cytoplasmic MLD for induced microspores significantly decreased (a=0.05) compared to freshly isolated microspores. After this time point cytoplasmic MLD remained not significantly different with respect to induced microspores. On the other hand, nuclear MLD showed a progressive increase after induction, being the highest in early globular embryos. Later on, in late globular embryos and beyond, nuclear MLD dramatically dropped. Therefore, a reversible, increased presence in the nucleus Fig. 3 Quantitative analysis of BnMAP3Ka1, BnMAP3Kb1, BnMAP3K, and BnBSKh. EM in situ hybridization labelling density in the nucleus and cytoplasm throughout haploid embryogenesis. Insets in a and b show the cytoplasmic and nuclear MLDs in the noninduced and the induced microspores jointly present in heat-treated cultures. MLDs are expressed as particles per square micrometre Fig. 4 Western blotting detection with anti-ERK1/2 and with antiphosphoERK1/2 (pERK1/2) for activated ERK1/2 in protein extracts of Brassica napus heat-treated microspore cultures. Arrows point to bands corresponding to approximately 42-44 kDa proteins upon induction was confirmed. Interestingly, those microspores present in heat-treated cultures but not induced to embryogenesis did not accumulate ERK signal in the nucleus, their nuclear MLD (6.32±2.26) being not significantly different (a=0.001) from the cytoplasmic one (6.44±2.82). The comparison of nuclear with cytoplasmic MLD (N/Ct ratio) revealed more clearly the reversible increase in nuclear MLD for ERK (Fig. 7b) . N/Ct ratio was approximately 1 before induction (approximately the same density in nucleus as in cytoplasm), progressively increasing to 2 in induced microspores and 3 in early globular embryos, and then dropping below 1. N/Ct ratio also revealed important and significant differences (a=0.001) when the two types of microspores, coexisting in the heat-treated cultures, were compared (Fig. 7c) . The induced microspores accumulated twice as much labelling in the nucleus than in the cytoplasm, whereas the non-induced ones did not, indicating that ERKs translocate to the nucleus in a larger amount in embryogenic microspores.
For phosphoERKs the N/Ct ratios also presented significative changes (a=0.05) after induction when compared with the freshly isolated microspore stage. The N/Ct ratios of the stages immediately after induction (Fig. 7d) clearly showed a progressive shift, from a mostly cytoplasmic presence of activated ERK proteins before induction to a mostly nuclear presence in early globular embryos. Finally, the ratio reverted to $1 in late globular embryos and heart-shaped/torpedo embryos. Note that for phosphoERK, the N/Ct ratios follow a pattern very similar to that found for total ERKs (Fig. 7b) . However, no significant differences (a=0.05) were found in the N/Ct ratio between the induced and non-induced microspores coexisting in the heat-treated cultures (0.88±0.25 and 0.92±0.44, respectively).
Discussion
During embryogenic development different kinase expression patterns are found in proliferation and differentiation stages
In this study the differential mRNA expression of the BnMAP3Ka1 and BnMAP3Kb1 genes was followed by means of ultrastructural in situ RNA/RNA hybridization, covering the main stages of haploid embryogenesis, from the isolation of the microspores to torpedo embryos, the only stage where these genes Fig. 5 Immunofluorescence localization of total and phosphorylated ERK proteins. Controls were performed excluding the primary antibodies. For anti-ERK1/2 an example is shown in globular embryos. For anti-phospho-ERK1/2 an example is shown in freshly isolated microspores. Note the autofluorescence of the exine. n nucleus, arrowheads nucleolus. Bars: 10 lm were originally detected (Jouannic et al. 1999b) . The in situ expression of BnMAP3K and BnBSKh was studied so that we could establish a reference for a kinase involved in proliferation (Jouannic et al. 2001) and in differentiation (Tichtinsky et al. 1998 ), respectively. All the kinases showed expression in freshly isolated microspores, indicating their presence during the vegetative development. Another common feature in all these kinases was a significant decrease in the Insets show an image of the corresponding stages under phase contrast. c,d Anti-ERK1/2; e,f anti-phosphoERK1/2. g Nuclear region showing anti-phospho-ERK1/2 labelling decorating regions enriched in interchromatin granules (arrows). ct cytoplasm, n nucleus, nu nucleolus, mt mitochondria, pl plastid, v vacuole, chr condensed chromatin, cw cell wall, er endoplasmic reticulum. Bars in a and b, 1 lm; in c-g, 200 nm mRNA expression detected in induced versus freshly isolated microspores. This fact can be simply explained as a result of the exposure to heat stress, known to affect heat sensitive structures such as mRNA (Yost and Lindquist 1991) .
From the comparison between the MLD in induced (embryogenic) and non-induced (gametophytic) microspores in the heat-treated cultures we cannot claim that any of the kinases studied is involved in the commitment to haploid embryos. However, BnMAP3Ka1 and BnMAP3Kb1 showed a slight but statistically significant higher expression in induced microspores versus the non-induced ones. Since the only difference is their developmental fate, a role for these kinases in such an event should not be completely excluded.
Once the embryogenic development starts, after the heat treatment, each kinase exhibits a different expression pattern. However, the comparison of the expression patterns of BnMAP3Ka1, BnMAP3Kb1, BnMAP3K, and BnBSKh yields two different trends. On the one hand, BnMAP3K and BnMAP3Ka1 showed an increased expression in globular embryos. In spite of the fact that gene expression can be regulated at various levels, the fact that a remarkably increased abundance of transcripts coincides with proliferative stages suggests a role in such stages. In heart-shaped and torpedo embryos the BnMAP3Ka1 MLDs measured throughout the different cell types decreased, but it was shown previously for BnMAP3K that mRNA expression in differentiated, epidermal torpedo embryo cells is threetimes lower than in inner, less-differentiated ground meristem cells (Jouannic et al. 2001) . Conceivably, a similar situation may occur in BnMAP3Ka1. On the other hand, BnBSKh and BnMAP3Kb1 showed a very similar temporal expression pattern. Previous work has presumed a role for BnBSKh in the determination of vegetative/generative cell fate (Tichtinsky et al. 1998 ). The MLD found in the ''freshly isolated microspores'' stage is consistent with this role for BnBSKh. Accordingly, the extremely high BnMAP3Kb1 MLD would account for an even more specific involvement in pollen differentiation. Additionally, the roles of BnBSKh and BnMAP3Kb1 would extend to later stages of embryogenesis, such as heart-shaped and torpedo embryos, where tissue differentiation events occur.
ERK MAPKs enter the nucleus upon activation, potentially involved in a proliferative response In this work we described the differential subcellular distribution of putative B. napus ERK proteins using Fig. 7 Quantitative analysis of immuno-gold labelling with antitotal and phosphorylated ERK1/2. a-c Total ERK1/2 labelling density quantification (a), nuclear/cytoplasmic labelling density ratio (b), and comparison of nuclear/cytoplasmic labelling density ratio in heat-treated cultures (c), comparing non-induced (gametophytic) and induced (embryogenic) microspores just after induction treatment. d Anti-phosphoERK1/2 nuclear/cytoplasmic labelling density ratio. Mean labelling densities are expressed as particles per square micrometre b anti-ERK1/2 and phosphorylated ERK1/2 antibodies. In spite of the conceivable caution when heterologous antibodies are being used, several facts support their use in our study. Plant MAPKs show the highest homology to the ERK subfamily of animal MAPKs (Ligterink and Hirt 2001) , being thus considered as ERKs (Stone and Walker 1995) or PERKs (plant ERKs; (Ligterink and Hirt 2001; Wrzaczek and Hirt 2001) . Anti-ERK1/2 and anti-phosphoERK1/2 antibodies have been proven to successfully recognize ERK plant homologues (Lebrun-Garcia et al. 1998; Coronado et al. 2002; Ramı´rez et al. 2004; Silva et al. 2004 ). In our study a wide band was visible with anti-total ERK1/2, whereas two thin bands at a similar MW were observed when the antiphosphoERK1/2 antibody was used. According to the manufacturer's specifications, in some cell types the anti-ERK1/2 antibody recognizes ERK2 more readily than ERK1, so the simplest explanation for this apparent discrepancy is that one of the two ERKs was more detected by the anti-ERK1/2 antibody, while the antiphosphoERK1/2 antibody cross-reacted with both ERKs in a similar amount. In any case, these bands would correspond to the detection of the 44/42 kDa ERK1/2 countertparts in B. napus.
The immuno-gold labelling pattern of total ERK proteins resembles the pattern described for BnMAP3-Ka1 and BnMAP3K and points towards a potential role for ERK proteins in proliferative stages. This role would be clearly associated with a translocation of these proteins to the nucleus at the very first stages of embryogenic development, as shown by the comparison of the N/Cyt labelling ratio. MAPKs have been widely reported to enter the nucleus, where, in mammals, they have a major role in the activation of transcription factors such as Jun, Myc, Elk1 and ATF2 (Morris 2001) . In plants, nuclear entry of MAPKs has been also reported in tobacco (Coronado et al. 2002; , onion (Pre´stamo et al. 1999) , cork oak (Ramı´rez et al. 2004) , and hop (Silva et al. 2004) . The doubled nuclear presence of ERK labelling found in proliferating, embryogenesis-committed microspores when compared with the non-induced ones present in the same culture supports the notion of a more specific involvement in proliferation during early embryogenesis. It is thus conceivable that there is a role for these ERKs similar to that of mammalian ERKs in the activation of nuclear targets such as transcription factors that specifically trigger the proliferative stages of embryogenic development. Additional support comes from the number of examples of several MAPK groups (reviewed in Ligterink and Hirt 2001) where similar MAPKs from different species perform a similar function. In addition, the localization of plant ERK homologues at specific interchromatin areas enriched in RNA and phosphoproteins has been reported (Coronado et al. 2002) . Our immuno-gold labelling experiments revealed the presence of ERK homologues on interchromatin fibrillogranular structures, which form part of the nuclear domain housing the transcription and mRNA processing machinery (Fakan and Puvion 1980; Spector 1993; Testillano et al. 1993) . These data provide new findings on the characterization of MAPK-housing nuclear sites and give additional support to the existence of signalling-related nuclear domains in the interchromatin region (Maraldi et al. 1999; Coronado et al. 2002; . However, molecular evidence of their nuclear targets is still to be reported.
On the other hand, the N/Cyt labelling patterns for total and activated (phosphorylated) ERKs are highly similar throughout embryogenesis, indicating a correlation between nuclear transport and ERK activation. These results represent additional evidence for the notion that ERKs play a functional role in the nucleus upon activation, mainly during the proliferative stages of embryogenesis. The specific presence of phosphorylated proteins during the initial haploid embryogenic development is demonstrated in tobacco (Kyo and Harada 1990) and also in B. napus (Cordewener et al. 2000) . In this work we have shown novel data about the nature of these phosphoproteins and their subcellular localization. In the model proposed by Marshall on ERK regulation during cell proliferation and differentiation (Marshall 1995) , cells can generate different responses, leading to proliferation or differentiation, depending on the duration of the ERKs in an activated state. According to this model, our results would favour the notion that, in B. napus haploid embryogenesis, ERK activation may be involved in proliferation, given the stage when they are activated in a higher amount. Obviously, this will depend on the cellular environment at that time (Marshall 1995) , i.e. the presence of transcription factors potentially sensitive to ERK activation, which up to now are unknown in B. napus. Further molecular and biochemical studies will be needed to characterize the Brassica ERK homologues as well as to find out whether the proliferative response is due to a sustained or transient activation of these MAPKs.
